Through the use of Artificial Neural Network (ANN) for sensor signal analysis, the traditional trial-and-error approach to process monitoring can be omitted. There is, however, still the need for a review of the Human-machine interface (HMI). Correct decisions must be made regarding ANN machine learning. There will always be a requirement to be able to modify and improve the monitoring system based on experience. Moreover, the question remains-can monitoring data be used for increased process knowledge and for both short term and long-term analysis and decision making? The work presented in this paper is a part of the EU FP7 REALISM Project.
Introduction
Process monitoring and control systems utilizing inprocess sensors for machine tool cutting operations is finding increased used in industry. The objectives are: increased productivity, better utilization of machine tool, minimized quality losses as well as decreased tooling and consumables costs [1] [2] [3] . With the exception of automated regulatory systems, most of these systems include a human interpretation and analysis of measurement data and decision making on control actions. Based on the information from the monitoring system, combined with other information about the process and a suitable process control strategy, decisions on necessary control actions are generated. The control strategy depends therefore on the knowledge and experience of operators and engineers.
Any process monitoring system can have have a number of type I or type II errors (false positives and false negatives) [4] . Excessive false negatives can create irritation for operators and unnecessary downtime. On the flip side, if the system fails to discover errors or failure modes (false positive), the trust and usefulness of the system can be hampered [5] .
Traditionally a Machine Tool process monitoring system is based on trial-and-error approaches setting control limits with acceptable levels of Type I and Type II errors. As shown by Martinsen and Knutstad [5] there are many pitfalls to this approach. By using Artificial Neural Network (ANN) or other artificial intelligence (AI) tools, the optimisation of the monitoring can be more automated without the need for a trial-anderror approach [6, 7] . Process monitoring signals are automatically analysed by the system and tool wear and other process parameters can be recognized based on initial machine learning of the system.
There is, however, still a need for a view on the Humanmachine interface (HMI) for such a monitoring system. The human factor is an important feature in the control loop to achieve productivity gains from the monitoring system and to be able to modify and improve the monitoring system based on experience. The monitoring data can be used for increased process knowledge and for both short-term and long-term 11, 21, 1, 1
analysis and decision-making. If the monitoring system is a "black-box-do-not-tamper" system, where only experts can implement real improvements of the system, innovations and continuous improvements of the machine tool process, as well as the monitoring system can be hindered.
The REALISM Project
The work presented in this paper is a part of the EU FP7 REALISM Project. The focus in The REALISM project is to: "(…) develop a robust 'smart' sensor-based system to provide accurate, real-time analysis of the process performance and alter the machining process to optimal conditions, resulting in better control of the process and reducing scrap rates" [8] . REALISM is a SME-focused research project and the consortium has seven partners from Ireland, Italy, Norway and Poland. One of the main aspects of REALISM is to build and test an ANN based tool condition monitoring system to optimize the timing of cutting tool change vs. the tool wear. The monitoring system should contribute to the avoidance of Catastrophic Tool Failures (CTF) and at the same time reduce tooling costs through better utilization of each tool cutting edge.
ANN sensor signal analysis
The underlying assumption is that after a reasonable amount of training, the ANN based monitoring system will be able to automatically detect tool condition and give the operator a warning when the tool needs to be changed. If the tool wear follows a pattern as shown in Fig. 1 below, the ANN monitoring system should be able to indicate when the tool is close to the "accelerated tool wear" area by analysis of the combined signals from the sensors. A Neural Network can be applied in different ways depending on the signals and the chosen signal features. Multilayer Perceptron (MLP), SingleLayer Perceptron (SLP), Time-Delay Neural Network (TDNN), Recurrent Neural Network (RNN) are some examples [10] . Among all of these paradigms, MLP neural network is applied more often [11] . According to Balazinski et al. [12] , MLP is one of the best methods of Feed Forward Back Propagation (FFBP) neural network. This algorithm is supervised and consists of training and testing phases [13] . The training set is also denoted as epoch or input stimuli, and it is a number of training patterns consisting of input values ( 1 n X X ) and desired network outputs (t), and can be presented in the following from [11, 12] :
1 Input values should be also transformed into other nodes (neurons), which are placed in the hidden layer (see Fig 2) . The hidden layer (1-100) should be used for processing input values into output values (output layer) in the forward direction [13] . Input signals weighting is performed with regard to the strength of the respective connection The same procedure, which was described for the hidden layer, should be done for the output layer (actual output -n z ) but weight values should be updated during the learning process in accordance with the strength of connections [11] . Then the obtained output values should be compared with the desired output values through the following formula [13] :
For both hidden and output layers a correlation function h=g=f () can be presented as a sigmoidal, hyperbolic tangent, radial basis function or a threshold function [11, 13] . Das et al. [6] outlined that the amount of hidden nodes is not stable for each model, it should in fact be varied in accordance with appropriate minimum root mean square estimation error during the training phase. Another testing set, which should be unused in the training procedure and also consists of a set of input-output values, can be used to verify performance of ANN model [13] . The results of a neural network model provides information about how input data correlates with output data, whether input data contains all the required information to estimate tool wear states or more signals features should be extracted to achieve this goal [11] . In any event, it is also important to inspect the results from another point of view-whether it is possible to use this model for a new set of data which is not used during the learning (training) procedure. The testing set, as was outlined above, is used for this purpose.
Among all the advantages of the ANN application, there are some challenges that should also be considered such as training costs and sensors costs [11, 13] . Jemielniak [11] and Abu-Mahfouz [13] investigated the possibility of making training less expensive by using a subset of the signal features that are the most sensitive. These results were obtained through a diagnostic procedure of neural network behaviour using different sets of signals and their respective features.
The Social conditions for learning
The process of learning and improving with the aid of the process monitoring system is the focus of this paper. Mastering different forms of knowledge has been demonstrated to occur phases [14] [15] [16] . As a simplification we can outline three phases going from novice to competent and finally master [17] . While the training of novices typically is a mix of apprenticeship and formal education, can the progress of a competent or master be described as a more informal social process? How do the competent and masters improve and learn? This is where extraction and analysis of information from the process monitoring system and setting this into a social learning process is crucial. The monitoring system is a possible source of new knowledge about the machining process as well as a new device to learn in itself. For this knowledge to be set in the individuals and the organisation, this should preferably, and ideally, be processed in a social context. Situated learning as a social process that takes place in a participative framework based on interaction and coparticipation, becomes a feature of practice which might be present in all sorts of activities-not just in clear cases of studying, training and apprenticeship [17] . Wenger [18] argued for four social components of learning; becoming (identity), experience (meaning), doing (practice), and belonging (community), making up a Community of Practice (CoP). All four components have significant impact on the social environment for a novice to become a master, where a master acts as a mentor that guides and teaches a novice as an apprentice. If one looks at learning as a centripetal process, from novice to master, it is motivated by the growing use of practice and becoming a master. This process satisfies the basic needs of the individual for meaning and social belonging.
Case study: Schivo Precision Ltd.
Schivo Precision is a high precision CNC machining company based in Ireland. Employing 5-axes, sliding head, vertical, horizontal and lathe machining they count among their customers many of the global leaders in orthopaedic care, Fig. 3 . Schivo Precision parts aerospace, automotive and diagnostic industries. In the main CNC machine floor at Schivo it has long been recognized that tool wear is a considerable factor in unacceptable product. Through analysis of the provided reasons given by the operators in Schivo it has been found that tool wear contributes to scrapped product of the order of 3% of company turnover some years. Through further investigation of this pattern across peers within the CNC machining industry Schivo have found that the industry norm is that tool wear related scrap product contributes to between 3%-8% of company turnover. It is widely known anecdotally that experienced machine operators can detect the onset of tool wear in the process from the sound of the machine, or the vibration of the machine during the operation. This type of tactile, informal interrogation of the performance of the machine process has been seen as a capability of many experienced machinists. However it has been found that there is no formal structure through which this decision making is reached, other than machine operator experience. And this cannot be taught. Schivo is one of the industrial partners in the REALISM project and one of the first to get the REALISM monitoring system installed. This case study is based on group interviews on key personnel at Schivo.
Schivo Shop floor organisation
The shop floor organisation at Schivo has in principle 3 roles: maintenance, supervisors and operators. Supervisors are highly skilled and experienced and work mainly day shift. The Operators work on a varied 3-or 4-shift pattern. Supervisors will, among other tasks, decide the initial cutting parameters in many cases. They are typically seeking the process "sweet spots" with minimum chatter and best tool usage based on their experience. Operators are less experienced than supervisors but are typically qualified to alter cutting parameters when needed (such as excessive vibration, set offsets based on detected tool wear from product measurement) and replace the cutting tool edge or cutting tool. The supervisors meet with the operators at the beginning of each shift, and also at the end of their day at work, and also during the shift in ad hoc-based meetings when required. Operators inspect each part for conformance to geometric tolerances, some measurements are 100% some each 15 th part. Statistical process Control (SPC) is applied in some cases. Tool change is a function of the number of parts / cycles machined (example: change after 30 parts/cycles), detection of bad cutting conditions (mainly chatter) and/or out-of tolerance inspection results.
Schivo HMI requirements
The expectations at Schivo of the system are mainly focused on the detection of tool wear, effective tool life utilization and decreased tooling and quality costs. The second consideration is reduced scrap. Schivo will become less dependent on the individual operators skills, although experienced operators/supervisors are still important as a result of their ability to interpret the process conditions, however the use of less experienced operators without supervision is the goal.
The potential for process learning and use of collected historical data can be interesting but is not the main reason for a process monitoring system, although teaching of new operators can be aided by the monitoring system. The potentials for innovation, continuous improvement and knowledge transfer and creation using a monitoring system was not in focus at the group, and some were uncertain as to what degree this was a topic of interest of interviewers. The operators were asked if they expected any negative effects from a monitoring system, and the general answer was no.
The organisation of supervisors and operators are expected to continue regarding the control of the monitoring system parameters: Supervisors should be in charge of setting the monitoring control limits and control actions in case of "outof-control" signal, operators are not expected to have this authority-although they will be the first line of process control. The discussions outlined were mainly with process supervisors, and as such we could not cover all of the organisation opinions/expectations at this stage.
HMI for ANN process monitoring and control
Based on the analysis of the interviews at Schivo and experiences from other cases such as [5] and [19] , the authors have compiled a set of requirements for the HMI at a ANN based process monitoring system.
Process monitoring as socio-technical systems
All manufacturing systems have the characteristics of socio-technical systems with relationships between machines, between people and between machines and people. Only by jointly optimizing both the technical and the social systems can the best match be achieved [20] . It is n this respect that the socio-technical perspective is not only important while designing the technical system, but equally important in establishing a platform for learning and knowledge creation. Looking first at the human-human relations; the roles with direct relations to the monitoring system can be divided into four roles. Successful operation of the process monitoring system depends on the communication between these roles:
1. Expert 2. Maintenance 3. Supervisor 4. Operator There are, of course, other roles within the organisation such as management, IT and quality assurance affected by process monitoring, but the above four are regarded as the central roles for the performance of the process monitoring system, and the most engaged with this system. The expert(s) are responsible for the design of the ANN system and the installation of the sensors, in addition to the initial training of personnel. (This is typically a resource external to the company). These actions are performed in the installation of the monitoring system, and in the case of a possible need of sensors maintenance and redesign of the monitoring system. The Maintenance department is responsible for Machine tool (and other equipment) technical maintenance. Process monitoring can both increase the demands, as well as give more information on the machine tool condition. The supervisor is the cutting process expert, and is responsible for cutting process design including selection of cutting tools and cutting process parameters; spindle speed, feed rate, depths of cut etc. The supervisors will be responsible for the ANN machine learning each time a new product or a process change is introduced to the parameters of an existing product. The success of the ANN process monitoring will be dependent on the supervisors making the correct decisions in training of the system. The operators are responsible for the daily operation of the CNC machine tool such as changing tools, inspecting workpieces etc. and will have the closest hands-on experience on the monitoring system performance. The operator will be the first to detect anomalies in the process as well as the monitoring system. Typically the machine tool operator will be the "first line of defence" regarding maintenance as well as key personnel to achieve innovations and continuous improvements. While cutting process (re)design and ANN (re)learning will occur for each new product or process upgrades, will the ANN systems re-design preferably be at rare occasions. The relation between the Supervisors and operators will be especially close, and similar as reported by Martinsen and Knutstad [5] would a formal knowledge exchange arena be beneficial.
Human-machine interface (HMI)
To comply to the needs of the different roles and the interactions between them the HMI could have the following features:
Expert: The HMI facilitate the requirements of sensor installation, ANN design, and redesign, testing and diagnostics, as well as aiding the requirements of simple basic training of personnel. The expert might be the direct contact for an alarm event in the case of a sensor malfunction etc. Maintenance: The HMI will be mainly the output of statistics from the machine tool, vibration measurements etc. This is the type of information that the maintenance function requires. Supervisor: The supervisor is required to complete the process and product data, as well as manage the ANN learning process. The HMI should also allow good communication with the operators, viewing shift/ event logs. Operators: The operators need an output information on the tool condition from the HMI, and a signal /alarm regarding when to change the tool and a secondary alarm for CTF. Moreover, there should be inputs such as changing tool, workpiece changeover and any other events and anomalies worth reporting. The operator needs to communicate with the Supervisor(s) and other operators. It is an integral requirement of the system that the HMI should aid this.
Machine-machine interaction
This paper does not cover the machine-machine interaction, but apart from the obvious interaction between the machine tool and the process monitoring system, there could be benefits from integrating the monitoring system in the overall cyber-physical system of the company such as higher-level supervisory control and data acquisition (SCADA), maintenance planning and control systems, manufacturing execution systems (MES) and enterprise resource planning (ERP). 
Process monitoring learning loop
As discussed is learning a feature of practice that might be present in all sorts of activities, and not just in clear cases of training and apprenticeship, and process monitoring system can be a tool for learning and knowledge creation. It is clear that the operator and the supervisor must be knowledgeable about the process and how different variables within the process interact, both in a practical and an abstract theoretical sense. Secondly they need to be able to make correct decisions based on analysis, knowledge, experience and skills. The interpretation ability learned through interaction with the process and the process monitoring system to decide, for example that a tool needs to be replaced, is a single loop learning process.
The second desired outcome of this is to move into a process of double loop learning about the process and the monitoring system in itself. Continuous improvements of the machining process and the process monitoring system requires an ability to analyse the process outputs and monitoring measurements over time. The HMI of the monitoring system should aid this analysis by making it possible to view the database of events and monitoring results. Fig. 6 illustrates how the human operator (in this case more or less all the roles mentioned previously) interacts with both the process monitoring system and the machining process engaging a double loop learning from both. The HMI of the process monitoring system should aid this and allow the human operator to reflect in action. 
Conclusions
This paper discusses the requirements for a Human Machine Interface (HMI) for an Artificial Neural Network (ANN) based machine tool process monitoring system. Manufacturing is a socio-technical system and any technical installation will inevitably have a social element to it. Learning, improvement and innovation are social processes and also the ANN needs to be understood in this context. This paper has discussed the different human roles related to the monitoring system, and how the different needs should be met by the HMI. Moreover there is the need for an aid from the HMI for communication and long-term analysis and learning to gain knowledge and aid improvements and innovation discussed.
